Introduction
Argonne National Laboratory's Integral Fast Reactor (IFR) utilizes a U-Pu-Zr metallic fuel clad in stainless steel [l-21. Once irradiated, this U-Pu-Zr fuel swells and contacts the cladding. As a result, fuel, cladding, and h i o n product components interdiffuse and form potentially low melting intermetallic phases that may affect the structural integrity of the cladding. This fuel cladding interaction (FCI) has been investigated using systematic diffusion couple techniques [3-8] that focus on interactions between cladding, both martensitic and austenitic, and U-Zr fuel, U-Pu-Zr fuel, and Ce (a major fission product). This paper will compare the results from interdiffusion experiments using the austenitic stainless steel cladding D91 with those from recent melting tests using U-19Pu-10 wt.% Zr fuel and 15-15 Ti stainless steel2 , an austenitic stainless steel close in composition to D9 [9] . Additionally, it will compare the results from diffusion tests and melting tests with those from recent analyses of actual irradiated IFR specimens clad with D9. In the light of available phase diagrams, this paper will discuss the particular phases that can be expected to form in an irradiated D9 clad IFR fuel element in the context of FCI, with comments on the relative diffusion behavior of the fuel, cladding, and fission product components.
.
Main Interdiffusion experiments were also conducted at 650°C using U-22pU-23Zr fuel and D9 cladding 161. The U-22Pu-23Zr versus D9 couple exhibited the development of 5 distinct phases. These phases included: (U,Pu)(Fe,Ni7Cr)2, (ZryU)(Fe,Cr,Ni)2, (Zr,U)(Fe,Cr,Ni), (U,Pu,Zr) matrix, and (ZryU,Pu)2(Fe,Ni). The typical compositions for these phases are presented in Table 2 . One common observation noted for both the U-2323 versus D9 and U-22Pu-232 versus D9 couple is that, of the fuel elements, U forms intermetallics with Fe on the cladding side of the diffusion structure and Z r forms intermetallics with Fe on the fuel side of the diffusion structure. This reflects the fact that U diffuses faster towards the cladding than the other fuel components, and Fe diffuses faster towards the fuel than the other cladding components.
To investigate lanthanide fission product interactions with cladding materials, Tortorici and Dayananda performed isothermal furnace anneals using Ce (a major fission product in IFR fuels) and Fe, Ni, selected alloys in the Fe-Ni-Cr system [q, and selected cladding materials [SI. The Ce versus D9 couple developed the three distinct phases Ce(Fe,Ni,Cr)3, Ce(Fe,Ni)2, and Ce7(Ni7Fe)3. The compositions of these phases are presented in Table 3 . The Ce7(Ni7Fe)3 was consistently found in all of the Ni-containing couples on the Ce side of the diffusion structure. In Ce versus austenitic steel couples, Ni diffuses faster than Fe.
Melting Tests
Recently, Sari et al. [9] reported results from isothermal melting tests. These tests investigated the melting temperatures that would be observed if various alloys containing U, Pu, Zr, minor actinides, or rare earths were sandwiched between two 15-15 Ti pins, placed in a dilatometer, heated to temperatures at which large dimensional changes occurred, and then cooled to room temperature. Supposedly, the dilatometric analysis enabled one to detect minor phase transformations and to determine the onset of melting at the interface of an alloy-steel diffusion couple. The intimacy of contact of the samples, the sample cleanliness, and the conditions of the sample surfaces are all unknown for these tests, but interdiffusion did occur and phases did form. These tests were conducted to promote diffusion and to determine when particular phases would melt, not to determine the diffusion kinetics of the process. So, in this respect these tests are noteworthy. Table 4 shows the experimental conditions for the tests, the atomic percent composition of the alloys, and the temperature at which the specimens lost their integrity and collapsed due to the formation of low melting reaction products. The melting temperatures are reported to be accurate to within 210 degrees. Four different types of couples were run for this investigation, as shown in Table 4 , namely the CR13Stee1, CR12-Stee1, REMAAL-Steel, and REAL-Steel couples.
The following will describe the types of phases that developed for each of these couples.
CRl3-Steel Couple
The CR13-Steel couple reportedly developed 3 multi-phase regions. The compositions of the various phases are listed in Table 5 . By converting the wt.% compositions reported by Sari et al. for the various phases to ones in at.%, it is observed: region 1 contained the three phases (U,Pu,Zr)(Fe,Cr,Ni)2, (Zr,U,Pu)(Fe,Cr,Ni)2, and (U7Pu,Zr)6(Fe,Cr,Ni); region 2 contained the four phases (U,Pu,Zr)(Fe,Cr,Ni)2, (U,Pu,Zr)(jFe, (Zr,U,Pu)(Fe,Cr,Ni)z, and (Zr,U,Pu)z(Fe,Ni); and region 3 consisted of the 3 phases (U,Pu,%)gFe, (Zr,U,Pu)(Fe,Cr,Ni)2, and (Zr,U,Pu)2(Fe,Ni). Hence, this couple deveIoped 4 distinct types of phases viz. (U,Pu,Zr)(Fe,Cr,Ni)2, (U,Pu,Zr)gFe, (Zr,U,Pu)(Fe,Cr,Ni)2, and (Zr,U,Pu)2(Fe,Ni).
CRlZ-Steel Couple
The CR12-Steel couple developed phases simiIar in concentration to those observed for the CRl3-Steel couple. Six distinct phases were detected in this couple, and they included: (U,Pu,Zr)(Fe,Cr,Ni)2, (U7Pu)6Fe-with 2 at.% Np, (Zr,U)(Fe,Cr,Nih, (Zr,U)(Fe,Cr), (Zr7U,Pu)2(Fe,Ni), and (Ce,Nd,Am,Pu,U)(Ni,Fe,Cr)3. The phase compositions are listed in Table 6 .
REMAAESteel Couple
The REMAAL (Nd-Ce-Am-Y-Pu alloy) versus steel couple formed four phases. The phase compositions are listed in Table 7 . Heading from the cladding towards the fuel, a (Nd,Ce,Pu,Am,Y)Fe2 phase developed followed by a (Nd,Ce,Am7Y)3Ni phase, which contained 42 at.% Nd and 18 at.% Ce, and two phases that were composed of Ce, Nd, Am, and Y. Pu was only detected in the (Nd,Ce,Pu,Am,Y)Fe;! phase, with a concentration of 16 at.%. This amount is higher than the 5 at.% Pu in the original REMAAL alloy.
REALsteel Couple
The REAL (Nd-Ce-Gd-Y alloy) versus steel couple had a diffusion structure very similar to the one described for the REMAAGSteel couple, except that no ( In terms of the melting results where heating rates were varied along with the number of annealing cycles, Sari et al. report little difference in melting temperatures for the CR13-Steel or CR12-Steel couples (see Table 4 ). The lowest melting temperature observed for either couple was near 720°C. On the other hand, the REMAAGSteel and -Steel couples, which contained no U or Z r , melted at temperatures nearer 625'C.
4.

As-Irradiated Results
A U-16Pu-23Zr fuel element with D9 cladding irradiated to 11.3 at,% burnup, where bumup is the amount of heavy metals fissioned, has been analyzed using an electron microprobe [Ill. Particular attention was given to the development of phase layers at the fuel-cladding interface. The major observations from this study were: (1) Pu is found in high concentrations in a phase layer closest to the unreacted cladding; (2) Fe and Ni penetrate into the fuel to a maximum depth of 175 mm; (3) Ni-Zr phases are observed in the diffusion structure; (4) of the lanthanide-series fission products, Ce and Nd are found in the highest amounts in all regions of the diffusion structure; (5) a 40 pm thick phase layer develops along the fuel-cladding interface, and it contains Ce, Nd, La, and some Cry (6) lanthanides are not found in high concentrations in the phase nearest the cladding;
(7) Fe seems to form phases with U and Pu towards the fuel and primarily with Pu nearest the unreacted cladding; and (8) negligible Ni is observed in the phase nearest the unreacted cladding.
Another electron microprobe analysis of an irradiated U-16Pu-23Zr fuel element with D9
cladding has revealed the development of two different lanthanide-containing phase near the fuelcladding interface [12] . These phases contain the elements U, Pu, Zr, Nd, Ce, La, Pr, and Pd. The compositions for "Phase 1" and "Phase 2" in atomic percent are 1.15U-1.9 1Pu-0.3Zr-20.22Pd-23.67La-17.6Ce-3.79Pr-3 1.35Nd and 3.8 lPu-28.94La-29.21Ce-3.91Pr-34.12Nd, respectively. This demonstrates that lanthanide-rich phases will develop near the cladding in irradiated fuel elements.
Related to melting temperatures in irradiated fuel elements, the first signs of liquefaction will depend on many factors, e.g. bumup, linear power, etc, and one of the largest contributing factors is the interdiffusion of lanthanides and cladding constituents to form low melting phases. For an irradiated fuel element with D9 cladding, the lowest observed melting temperature was around 675*C [13]. In this fuel element, which was itradiated to a high burn-up resulting in the generation of a large amount of fission products, the first signs of melting were observed along the fuel-cladding interface where lanthanidecladding constituent phases developed.
5.
Discussion
5.1
Phase Development
If one compares the various types of phases that develop in these reported investigations, it becomes clear that the relative diEusion behavior in the various D9 couples is similar.
Firstly, by comparing the U-232 versus D9 couple with the U-22Pu-23Zr versus D9 couple, as presented in Tables 1 and 2 suggests that since lanthanides have mutual solubility and little solubility in the (U, Pu, Zr) matrix they will form lanthanide-rich phases in a fuel element. Also, in cases where lanthanides migrate through the fuel and form lanthanide-rich phases near the cladding, intermetallics may develop due to interdiffusion of lanthanides and cladding constituents.
In this type of circumstance, when U and Z r are not present, a NdNi3 type of intermetallic may form based on the -t ee1 couple.
2 Phase Liquefaction
The fuel components U, Pu, and Z r dictate what phases will form at the fuelkladdmg interface, even with the presence of minor amounts of actinides and lanthanides, based on the CR12-Steel couple. In this couple, the same phases develop as for the CR13-Steel couple and the U-22Pu-23 Z r versus D9 couple annealed at Argonne (compare Tables 2,   5 , and 6), except for the (Pu,Nd,Ce,Am)(Ni,Fe) phase. Even with formation of this phase, the CR12-Steel couple melted at temperatures comparable to what is observed for couples between U-Pu-Zr fuel and austenitic cladding, namely 720-730.C. Based on binary phase diagrams, the CeNi, M i , and NdNi intermetallics will melt at 68OoC, 800°C and 780°C, respectively. The concentration of Ce is only 5.2 at.% in the (Pu,Nd,Ce)(Ni,Fe) phase while the concentrations of Nd and Pu are 12.9 and 18.4 at.%, respectively. Therefore, based on the results of the CR12-Steel couple, this phase may have melted near 730.C along with the eutectic combination of (U,Pu,Zr)(Fe,Cr,Ni)2 and (U,Pu,Np)6Fe which can melt at 725.C according to the U-Fe phase diagram.
The REMAAGSteel and REAL-Steel couples display lower melting temperatures than the CRl24teel and CRl3Steel couples, as shown in Table 4 . Melting was observed in these couples at around 620-630°C. The presence of PU dictated what phase would form nearest the unreacted cladding, viz. (Pu,Am,Ce,Nd)Fe2. The binary We;! intermetallic melts at around 1240OC. Whereas the presence of Nd caused the (Nd7Ce,Am)3Ni phase to form. The binary Nd3Ni intermetallic melts at around 600°C, and a eutectic develops between Nd and Nd3Ni that exhibits melting at around 570.C. Therefore, it is possible that the appearance of an Nd3Ni type of phase contributed to the overall liquefaction of the diffusion structures in these couples.
For achal IFR fuel elements with D9 cladding irradiated to high bum-ups, melting has been observed near 675*C, and based on the diffusion couple results it may be due to eutectic melting that develops between lanthanide-rich phases and the Nd3Ni type of multicomponent phase. In the cases where only small amounts of minor actinides and lanthanides are available in the fuel, the melting behavior of the irradiated fuel will be close to that of the CR12-Steel couple where melting was seen near 725OC. On the other hand, when large lanthanide-rich phases develop adjacent to the cladding, which can be the case for fuel elements irradiated to high bum-ups, a eutectic can develop with the Nd3Ni type of multicomponent phase. This eutectic may be where melting first occurs locally at temperatures near 675OC.
. Conclusions
The following are the main conclusions of this paper on compatibility of fuel and cladding in IFR fuels With austenitic stainless steel cladding:
1. U-Pu-Zr fuel alloys coupled with an austenitic stainless steel cladding develop five major phases, namely (U,Pu,Zr)(Fe,Cr,Ni)2, (Zr,U)(Fe,Cr,Ni)Z (U,Pu,Zr) matrix, (Zr,U)(Fe,Cr), and (Zr,U)z(Fe,Ni), and the presence of lanthanides and minor actinides adds a new phase, (pu,Nd,Ce,Am)(Ni,Fe). 
.
4.
A (Pu,Nd,Ce)Ni type of phase forms in couples between austenitic stainless steel cladding and alloys with U, Pu, Zr, and small amounts of lanthanides and minor actinides. The development of this phase does not lower the expected 725OC melting temperature based on the U-Fe phase diagram.
5.
When lanthanide-actinide alloys without U and Z r are bonded to an austenitic stainless steel cladding, a (Pu,Nd,Ce)Fe2 and Nd3Ni type of phase develops, along with lanthanide-rich phases. Based on the binary Nd-Ni phase diagram, the appearance of the Nd3Ni type of phase adjacent to a lanthanide-rich phase can initiate eutectic melting at temperatures near 6 0 0~~.
6. Irradiated IFR fuels with D9 cladding that do not develop large lanthanide-rich phases at the fuel-cladding interface will exhibit evidence of melting at around 725'C.
Whereas, in cases where lanthanide-rich phases do develop near the cladding, a eutectic can develop with the Nd3Ni type of multicomponent phase that will initiate melting at lower temperatures. Those fuel element locations where this eutectic develops may be the locations where liquid phases first develop in fuel elements that show signs of liquefaction at temperatures near 675*C.
7.
Future Work
Further investigation of FCI is required for IFR fuel clad with martensitic stainless steels that do not contain Ni, since these types of steels are being considered for use in IFR fuel elements. The presence of Ni has been found to drastically affect the types of intermetallics observed at the fuel-cladding interface, and it is imperative to better understand phase formation when Ni is not present in the cladding. This work should involve experiments like those conducted by Sari et al. using U-Pu-Zr alloys with lanthanides and minor actinides. Furthermore, these alloys should deploy other fission product elements, like Pd, that may play a role in determining the intermetallic phases that form at the fuel-cladding interface. 
